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EXECUTIVE SUMMARY  

This report presents the results from a research project to evaluate the hybrid use of A-frame 

micropiles and mechanically stabilized earth (MSE) in the form of geosynthetic reinforced soil 

(GRS) to support roadways with impact road barriers on mountainous roads, as well as its potential 

to increase the local stability of a steep slope for the extra wall loading in road widening and 

construction projects.  The design involves the installation of a pair of vertical and inclined 

micropiles in the form of a structural A-frame through the backfill of a highway GRS wall into the 

foundation base with chosen embedment.  Pile caps and grade beams are then placed on the pile 

top upon which road barriers are connected.  To evaluate the designôs range of applicability and 

potential, extensive numerical simulations of MSE walls were conducted by 3D elastoplastic 

modeling using the finite element code LS-DYNA for large-deformation dynamic analysis.  

Adopting a constitutive soil model that has been well used and calibrated in past NCHRP and 

CDOT projects, a versatile computer simulation framework is developed for modeling the hybrid 

soil-pile-geotextile-barrier interaction problem.  Collaborated by an experimental scaled model 

study that demonstrated the applicability of the modeling platform, the performance of the hybrid 

design under self-weight, surcharge and dynamic impacts was investigated in detail and compared 

with that of a truncated GRS wall with regular construction.  The accompanying option of using 

the A-frame micropile as an integrated solution to the related local slope-foundation stability 

problem that can be triggered by the wall construction was explored and quantified by the adopted 

3D finite element approach via the threshold-effective-strain concept whose applicability was 

demonstrated against ordinary limit-equilibrium slope stability methods in relevant 2D settings.  

While there remains engineering details to be explored and more realistic representation of 

material components to be incorporated, the study has shown that the hybrid micropile-GRS design 

offers appealing potentials as a new or remedial engineering option in coping with difficult hillside 

or steep terrain conditions for road expansion or new constructions.  
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1 INTRODUCTION  

For road constructions in mountainous areas with undulating terrain, complex geological setting 

and steep slopes, deep cuts and fills are often necessary to provide an acceptable subgrade for 

efficient traffic flows.   Because of the continuous increase in population and interstate commerce 

nowadays, many highways are or will be in need of added lanes on the side of existing roads.  The 

topography of the mountainous areas is generally characterized by river valley on one side and 

cliff or steep slope on the other side, with insufficient room for conventional construction and 

heavy equipment.  In the Rocky Mountain region, the increasing frequency of having to deal with 

marginal slope stability problems has further aggravated the challenge in road construction.   In 

such geotechnical settings, the earthwork required plus the eventual extra load from the built wall 

on the slope will incur not only high cost and risk due to difficult constructions but also the danger 

of triggering instability in the form of land or rock slides.  In retaining wall designs for roadways, 

concrete cantilever retaining wall, counterfort retaining wall, anchored retaining wall and soil nail 

walls are conventional options.  Because of their economical constructions and wide choice of soil 

reinforcements from geotextiles, geogrids to metal reinforcements, mechanically stabilized earth 

(MSE) walls have been used widely by many DOTS, including CDOT, for bridge abutments, roads 

and retaining walls.  While they have been employed in mountainous road construction as well, 

normal wall configurations will usually require significant excavation into the existing slope to 

create a bench to support the structure and traffic loads.  For slopes that are marginally stable, the 

necessary earthwork and the eventual heavy wall loading will increase the risk of shallow or local 

slope instability, and thus the feasibility of the project.  From the viewpoint of minimizing the 

amount of excavation, a truncated MSE wall design with a vertical front face, a narrowed base and 

a sloping excavation that mates with the natural slope is an appealing configuration.  With the 

requirement on the wall system to provide the necessary foundation support for impact barriers 

with minimum damage, however, the wall design must act not only to support the surface 

pavement, traffic loads as well as its self-weight, but also provide the anchorage resistance to road 

barriers and guard rails under vehicular impacts as required by MASH.  To counter these multiple 

but not uncommon site and load conditions in transportation developments, new designs and 

remedial options that can be used to solve the problem are relevant to most DOTs.  A novel idea 

is to install micropiles in a truncated MSE (geosynthetic reinforced soil (GRS) being an example) 

to add another support element that provides resistance to the impact load and to the foundation 
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stability.  Because of the truncated geometry of the MSE, the reinforcement in the MSE will have 

limited layout freedom.   Due to the narrow base width, the base pressure at the narrowed bottom 

of the MSE may become higher as a result, thereby reducing the margin of safety against 

foundation bearing failure.  To enhance the safety of roads next to a cliff, the incorporation of 

micropiles in a truncated MSE wall design can be an alternative to the use of moment slabs to 

handle vehicular impact while serving as a reinforcement for the slope and foundation region.   

 

These possibilities lead to CDOTôs interest in a hybrid Micropile-A-Frame-Geosynthetic 

Reinforced Soil (GRS) wall design.   The essence of the idea is to make use of a pair of vertical 

and inclined micropiles in the form of an A-frame and install them through the geosynthetic 

reinforced soil backfill of the wall into the sloping foundation with a chosen penetration depth.   

Structurally, the A-frame configuration of the micropiles is apt to help reduce the bending action 

on both piles under lateral impact loads.   The possibility that the micropiles will add resistance to 

support the structure loads and increase the local slope stability is also one of the designôs 

motivations.   By connecting the top of the micropile A-frames to a grade beam into which impact 

barriers can be anchored, the hybrid design may result not only in an overall increase in the 

integrity of the truncated MSE wall but also stronger barrierôs anchorage for roadways in 

mountainous construction.  While MSE and micropiles have been studied and employed in many 

transportation projects with design guidelines ([1] - [12]), their integrated use has not seen much 

in-depth research or study.   The closest demonstration of the potential of hybrid wall designs is 

the work of Pierson et al. [20-22] but it differs in that cast-in-place shafts were installed through a 

MSE, not micropiles.  Berg and Volova [23] investigated pile driving into MSE walls and showed 

that the MSE-shaft system was sound and functional.   Aimed at exploring the fundamental merit 

of the proposed system, a detailed evaluation of the approach is the goal of the study.  
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Figure 1.1: Road construction in steep 

slope 

 

Figure 1.2: Micropile installation 

equipment 

 

 

             

        

Figure 1.3: A finished roadway in mountainous areas 

2 OBJECTIVES 
 

      The objective of the study is to conduct a mechanistic evaluation of the performance of the 

idea of a hybrid micropile A-frame-GRS-foundation design with the specific choice of geotextile 

as the backfill reinforcement to support Type 7 or 10 Jersey barriers for TL-4 impact loading.  A 

sound understanding of the underlying multi-component interaction and the resulting load-transfer 

characteristics of the integrated wall system is prudent for determining if its performance is 

sufficient and optimizable to meet the barrier impact demand and practical engineering 

requirements of truncated GRS wall systems.   The study involves the evaluation of both the 

serviceability and ultimate limit states of the hybrid GRS wall design as well as the its potential as 

a new or remedial engineering option in coping with marginal hillside or steep terrain conditions.  
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3 APPROACH OF STUDY 
 

With the number of physical components (e.g., soil, geosynthetics, concrete, and steel) in a 

composite material system as in a truncated GRS with micropiles with grade beam bearing on a 

natural slope, the use of elementary soil mechanics methods for the analysis and design of a hybrid 

wall system is believed to be unreliable for the proposed assessment.  To provide a realistic 

assessment of the designôs behavior as well as the mechanical interaction of the physical 

components within the time frame and resources of the project, it was decided that the most 

productive approach is to make use of (a) nonlinear finite element modeling, and (b) material 

models that have been used and calibrated experimentally from past CDOTôs and other 

FHWA/DOT projects on MSE/GRS with road barriers, in lieu of site-soil specific characterizations 

or field testing.  To implement the approach, the study proceeded in the following steps:   

 

¶ Select a versatile and commonly accepted computational platform for finite element 

modeling 

¶ Select relevant material models and parameters for soil, geotextile, slope, micropiles and 

foundation soil 

¶ Develop and test finite element models for truncated GRS, geotextile, barrier, grad beam 

and micropiles  

¶ Seek relevant experimental evidence of the appropriateness of the calibration of the 

micropile-GRS finite element model   

¶ Establish static and dynamic loading conditions   

¶ Evaluate the overall performance of hybrid micropile-GRS-barrier design 

¶ Evaluate local performance of key components of hybrid wall system 

¶ Consider both normal and oblique impacts on barrier 

¶ Perform sufficient parametric simulations to provide informed options in the micropile-

GRS wall designôs layout for the truncated configuration 

¶ Assist the development of engineering design and worksheets for field application 

 

 As with any structural or foundation design, the serviceability and ultimate performance states of 

the hybrid wall-barrier system are both important.  In the present problem, the first aspect is 

concerned with the ability of the barrier under impact load to have limi ted movement so that it can 

be relied upon to deflect a vehicle back to the roadway.  The second is concerned with the wallôs 
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overall degree of safety and possible failure mechanisms under ultimate loading and material 

conditions.   The first task is well suited to be evaluated by finite element modeling that can provide 

detailed stress and deformation information that more elementary methods cannot.  As will be 

discussed later, the finite element code LS-DYNA that has been employed in CDOT research 

projects is considered most readily useful for such a task.  Finding an answer to the second question 

by the same approach can also be achieved but it requires some additional considerations because 

of LS-DYNAôs analytical sophistication.  This refers to the capability of LS-DYNA in finding 

solutions for large deformation/displacement problems because of its finite-strain theoretical basis 

in continuum mechanics that goes beyond what ordinary small-strain finite element codes or basic 

rigid-plastic formulations in conventional limit equilibrium (LE) methods can handle.  In 

particular, it has the numerical capability and realism to determine three-dimensional equilibrium 

states with significant distortion and geometric changes in a mechanistically consistent manner 

that LE and ordinary finite element methods cannot.    

 

In commonly used limit equilibrium (LE) methods, for example, use is made of the elementary 

concept of shear strength and ignores the general nonlinear elastoplastic stress-strain behavior of 

soils.  They employ rigid-body statics by dividing a potential failure wedge into vertical slices and 

require ad hoc assumptions on items such as inter-slice forces to achieve static determinacy and 

solution.  In contrast, FEM does not require such a priori assumptions on failure mechanisms (the 

type, shape, and location of the failure surface) as it can realize incremental developments of 

deformation, even localization of strains, on the way to failure.  This is advantageous in the 

analysis of a multi-material foundation or wall design such as the MSE/GRS-micropile-

foundation-slope system for which reliable analytical and physical insights from prior studies are 

absent. The main limitation in ordinary FEM codes is that they are based on infinitesimal-strain 

theory.  As a result, the convergence and accuracy of the solution can deteriorate as the magnitude 

of deformation increases.  Because of its large-strain mechanics formulation, the elastoplastic 

finite element code LS-DYNA can provide valid solutions for a much larger range of loading when 

infinitesimal strain FEM would crash. Such advanced features of LS-DYNA, however, bring forth 

both flexibilities and complications.   To evaluate the factor or margin of safety, i.e., the 

strength/ultimate limit state of the design, for instance, some judicious choices and definitions of 

what constitute failure must be first established as the code can give equilibrium solutions even 

when the deformation is beyond what is normally considered as failure.  In the literature, there 
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were different proposals on how to use finite element solutions to determine the factor of safety 

(FS) in geotechnical-foundation engineering problems.  In this study, the Shear Strength Reduction 

(SSR) concept [e.g., 26-30] was deemed usable to define the factor of safety for the wall and 

foundation aspects in combination with a newly developed óthreshold effective strainô concept 

(Pak [34]) for identifying failure mechanisms in large-deformation finite element solutions.  The 

basic idea behind the SSR method involves finding the lowest set of Mohr-Coulomb material 

parameters through a reduction factor ɖ under which failure is imminent, and the reciprocal of the 

reduction factor can then be interpreted as the factor of safety.  In terms of the conventional Mohr-

Coulomb friction angle j, the factor of safety is defined by  

                               
nominal nominal

marginal marginal

tan( )1
FS

tan( )

c

c

j

h j
= = = . 

With the cohesion c being close to be zero for sandy and gravelly soils of interest in this study, the 

factor of safety FS can be effectively given by   

                                
nominal

marginal

tan( )
FS

tan( )

j

j
=  . 

4 FINTE ELEMENT MODELING OF MICROPILE A -FRAME -GRS-

BARRIER -FOUNDATION DESIGN     

To achieve a sound representation of the hybrid design with its multiple material components, 

interfacial characteristics and a variety of possible layouts, finite element modeling methodology 

was adopted as the investigative platform.   In particular, the versatile nonlinear dynamic finite 

element analysis code LS-DYNA (http://www.lstc.com/products/ls-dyna) is chosen for this study.   

Its appeal includes its ability to handle large deformation and the codeôs long list of built-in user 

options for modeling soil and structures, material modules and nonlinear 

contact/interface/boundary conditions, thereby allowing realistic simulation of a variety of 

complex soil-structure problems without intensive fundamental developments.  Based on explicit 

time integration for fast computation to handle dynamic phenomena such as impacts and blasts, 

LS-DYNA has been employed in a number of DOT and FHWA/NCHRP projects including some 

for CDOT (e.g., NCHRP Report 663, Chang and Oncul [7], Lee [11]).   A key step for a realistic 

finite element simulation of a physical complex soil-structure interaction system is an appropriate 

choice of the material models, their parameters, meshing and geometric layout.  Adopting LS-
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DYNA for this study offers another advantage in this regard: from its usage by past CDOT and 

other DOTsô projects, there exists in the literature multiple sets of experimentally calibrated soil 

parameters for the GRS/MSE problem via the elastoplastic Geological Cap soil model (MAT 25) 

as well as other material modules in LS-DYNA (e.g., see [3], [5], and Table 4.1). These 

experimentally validated calibrations are valuable as a useful guide for selecting the material 

parameters to describe the soil behavior that is most relevant to CDOT. This allows the project to 

avoid the need to conduct an independent experimental program to calibrate the constitutive model 

for the soil in the GRS or slope, which can vary from site to site.    

Table 4.1:  Reference set of chosen material parameters for Geological Cap soil model 

 

(a) Source [3] 

 

(b) Source [5] 



8 

 

4.1 Material Models for Soils, Geotextile, Micropiles, Barrier and Other Components in 

Hybrid Wall-Barrier Design  

(a) Soil: 

Soil is the major component of both the hybrid GRS-micropile system and the foundation.  As 

noted earlier, the key to a realistic prediction of the soil deformation under loading is the 

constitutive model.  For its balance between generality and practicality, the elastoplastic 3D 

Geologic Cap model (DiMaggio and Sandler 1971 [35], Hallquist 2012 [36]) as MAT 25 in LS-

DYNA was adopted for the soil medium.  The details of the module can be found in LS-DYNAôs 

userôs manual [32].    As a generalization of Drucker-Prager model, the key capability of the 

Geological Cap (GC) model has over the classical Mohr-Coulomb model is not only that it does 

not have the latterôs corners which often creates numerical problems, but also its added ability to 

model plastic volumetric compaction via a movable cap on the conical yield surface.  In the model, 

purely volumetric response is elastic until the stress point hits the cap surface, beyond which the 

rate of plastic volumetric strain is controlled by the hardening law.  The plastic yield surface of the 

model consists of three regions: a shear failure envelope f1(ů), an elliptical cap f2(ů,ə), and a 

tension cutoff region f3(ů), where ů is the soilôs stress tensor and ə is a hardening parameter. 

 

 

 

Figure 4.1:  Yield surface definition in Geologic Cap model 

 

The functional forms of the three surfaces are: 

a. For shear failure region where T Ò I1 < L(ə): 

  0)()( 121 =-= IFJf es                                                                                   (1) 

b. For elliptical cap region where L(ə) Ò I1 < X(ə): 

0),()( 122 =-= kks IFJf c̆                                                                           (2) 

c. For tension cutoff region where I1=T: 

 

 

 T I
1

sqrt(J
2
)

 
2 2 1( , ) ( , ) 0D cf J F Is k k= - =

b. cap surface

1 2 1( ) ( )D ef J F Is = -

a. shear failure

 3 1( ) 0f T Is = - =

c. tension cutoff

 L(k)    X(k)   I1 

2J  
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0)( 13 =-= ITf s                                                                                             (3) 

where I1 is the first invariant of the stress tensor and J2 is the second invariant of the deviator stress 

tensor, and T is the tension cutoff value.   Fe (I1) in Eq. (1) is defined in LS-DYNA as 

11
1)( IeIF

I

e qga b
+-=

-
  .                                                                                  (4) 

With ɔ and ɓ set to zero in this study, Eq. (4) is reduced to  

aq +*= 11)( IIFe    .                                                                                         (5) 

Eq. (5) is identical to the Drucker-Prager failure criterion [37] and the parameters Ŭ and ɗ are 

comparable to the classical Mohr-Coulombôs cohesion and friction angle parameters c and ű.   The 

function Fc(I1, ə) in Eq. (2) is  defined by  

2
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IFc ---=                                                   (6) 

                                                                                         (7) 
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with R being a shape factor that represents the ratio of major to minor axes of the elliptical cap, 

X(ə) denoting the intersection of the cap surface with the I1 axis and ə being a hardening parameter.  

The latter is related to the plastic volume change  
P

v
e  through the hardening law 

                                                                                                       (9) 

where W characterizes the plastic volumetric strainôs limit, D denotes the total volumetric plastic 

strain rate, and X0 represents the initially-set intersection of the cap surface with the I1-axis in the 

stress space and defines the size of the initial elastic domain of the soil. 

 

While the GC model has been used and calibrated in multiple DOT or NCHRP projects, it should 

be noted that it also has its limitations in regard to representing soil behavior fully.   As shown in 

Fig. 4.2, experimental soil test results are generally closer to the Mohr-Coulomb irregular 

hexagonal shape on the deviatoric p-plane in the 3D principal stress space (Scott [25]), i.e., there 

is a dependence of the shear strength on the ratio of the major, minor as well as the intermediate 

principal stresses s1, s2 and s3, than the pure circular locus that is assumed in the Drucker-Prager 

and GC models.  Upon knowing the eventual failure combination of (ů1, ů2, ů3) or its Lodeôs angle 

ɗLode , on the other hand, the shear strength parameters c and j of MohrïCoulomb criterion can be 

)()( kkk eRFX +=

}1{
])([ 0XXDp

v eW
--

-=
ke
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chosen analytically to give the same failure stress state via the strength parameters Ŭ and ɗ of the 

Geological Cap model.   To obtain realistic predictions of the soil, such a matching criterion is 

important so that a representation of soilôs strength via the GC model is not unconservative by 

overestimating its shear strength in three-dimensional problems.   For a stress path that has a 

specific Lodeôs angle ɗLode which is related to the intermediate principal stress ratio b=(ů2-ů3)/(ů1-

ů3), the MohrïCoulomb failure criterion can be expressed in terms of the stress invariants as  

0cos)sinsin
3

1
(cossin

3
2

1 =++- jjqqj cJ
I

LodeLode                                                (10) 

or  

cIJ

LodeLodeLodeLode

*
sinsincos3

cos3

)sinsincos3(3

sin3
12

jqq

j

jqq

j

+
+*

+
=                              (11) 
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33
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3
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2/3

2

3

J

J
Lode -=q , 

66

p
q

p
¢¢- Lode ,              (12)  

and J3 is the third deviatoric stress invariant.  Setting Eq. (11) and Eq. (5) to be the same for a 

specific ɗLode , the Geological Cap strength parameters can be related to MohrïCoulomb strength 

parameters via  

c

LodeLode

*
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jqq

j
a

+
=                                                                            (13) 
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 Figure 4.2: Mohr -Coulomb irregular hexagon envelope and classical 

experimental soil data on deviatoric plane in principal stress space (Scott [25]) 
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Figure 4.3: Choices of approximation of Mohr-Coulomb irregular hexagon by Geological 

Cap or Drucker -Prager circular limit on the deviatoric plane 
   

Matching the Geological cap modelôs strength with Mohr-Coulombôs in the conventional triaxial 

compression, (ɗLode= -30o, b=0), for example, one finds 

c*
)sin3(3

cos6

j

j
a

-
=                                                                                          (15) 

)sin3(3

sin2

j

j
q

-
=     .                                                                                         (16) 

To match their strengths in triaxial extension (ɗLode= 30o, b=1), the relationship is 

c*
)sin3(3

cos6

j

j
a

+
=                                                                                       (17) 

)sin3(3

sin2

j

j
q

+
=     .                                                                                         (18) 

As will be illustrated later for the GRS wall problem in the next section, however, the stress state 

in the GRS soil region was found to have an intermediate stress ratio b that averages to about 0.5 

from the prediction of the GC model (corresponding to ɗLode = 0o) instead of 0 or 1 (see. Fig. 

4.3).   To be consistent analytically, the Geological Cap modelôs strength parameter were thus 

taken to be    

           Ã ÃÏÓʒ ,                                                                                                  (19) 

                     — ÓÉÎ ʒȾσȢ                                                                                                 (20)  

and the resulting relationship between — and ű is given in tabulated form in Table 4.2. 

 

 

Geological Cap matching 

compression meridian 

 

Mohr Coulomb 

failure criterion  

Geological Cap matching 

extension meridian 

Geological Cap  

matching at b=0.5 
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Table 4.2: Relationship between the friction angles Ᵽ and  for  

intermediate stress ratio b=0.5 

 

ʒ 29° 30° 31° 32° 33° 34° 35° 36° 37° 38° 39° 40° 

 —  .161

6 

.166

7 

.171

7 

.176

6 

.181

5 

.186

4 

.191

2 

.195

9 

.200

6 

.205

2 

.209

8 

.214

3 

 

 

 Selected to be the focus of this study according to the field conditions of interest, sandy or 

gravelly soils with minimal cohesion and a friction angle of ű=34° and 40° were chosen as the 

nominal cases to consider.  As indicated in Table 4.2, they correspond to ɗ=0.186 and ɗ=0.2143 

in the Geological Cap model, respectively for b=0.5.  For these two cases, their complete set of 

chosen Geological Cap soil parameters are given in Table 4.3 and 4.4, respectively. 

 

Table 4.3:  Geological Cap Parameters for backfill soil in GRS region for j=34̄  at b=0.5 

Parameter K(MPa) G(MPa) Ŭ (kPa) ɓ(MPa-1) ɔ(MPa) ɗGRS 

Value from 16~48  from 7~22  2 0 0 0.1864  

       

Parameter W D(MPa-1) R X0(kPa) 

Tension 

Cutoff 

(MPa) 

Soil 

density 

(kg/m3 ) 

Value 2.5 0.00725 4 
from 

20~400kPa 
0 1596 
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     Table 4.4:  Geological Cap parameters for soil with j=40̄  at b=0.5 

 

Parameter K(MPa) G(MPa) Ŭ (kPa) ɓ(MPa-1) ɔ(MPa) ɗslope  

 Value 32.89 15.18 2.7 0 0 0.2143 

       

Parameter W D(MPa-1) R X0(kPa) 

Tension 

Cutoff 

(MPa) 

Soil 

density 

(kg/m3 ) 

Value 2.5 0.00725 4 0 0 1596 

 

 

For a slope that is a soft rock, a linearly elastic model was employed with the material moduli 

given in Table 4.5.  

Table 4.5: Linear elastic model for soft rock 

Parameter 
Density 

(kg/m3 ) 
E (GPa) ɡ 

Value 2000 3 0.3 

 

 (b) Geotextile: 

      With geotextile Amoco 20440 being recommended by CDOT as the geosynthetics of focus 

for the study, the bilinear kinematicïplastic model in LS-DYNA was adopted for its modeling (see 

Fig. 4.4) with its material parameters for the geotextile being listed in Table 4.6. 

Table 4.6:  Parameters for geotextile kinematic-plastic material model 

Density 
Yield stress 

ůy (MPa) 

Initial elastic 

modulus E (MPa) 

Post-yield tangent 

modulus Et (MPa) 

Poissonôs 

ratio n 

1000 4.33  433 
0 or 

162 
0.3 
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(c) Concrete: 

Concrete elements of the system such as wall facing, barriers, grade beams and micropiles are 

modeled as a linear elastic material model with moduli given in Table 4.7.  

 

Table 4.7:  Parameters for concrete by linearly elastic model 

Parameter 
Density 

(kg/m3 ) 

Elastic 

modulus E 

E (GPa) 

Poisson 

ratio 

Value  2320 25  0.15 

 

 (d)  Steel: 

The steel portion of the model such as dowels, rebars and anchors is likewise assumed to be 

linearly elastic as given in Table 4.8.  

 

Table 4.8:  Parameters for steel dowel and rebar for bilinear kinematic-plastic model 

Parameters Density ůy (MPa) E(GPa) Et(GPa) 

Values 7800 235 210 2 

 

 

(e) Interfacial conditions: 

Concrete material in the hybrid wall includes micropile, road barrier, grade beam and the front 

wall panel.  The contact conditions are taken to be either tied or frictional between different 

materials with parameters given in Table 4.9.  Bonded contact is used between micropiles and 

grade beam because of the expected cementation of concrete.   To simulate the continuity between 

backfill and foundation soil, bonded contact is assumed between the backfill and foundation soil.   

 

Table 4.9: Interfacial friction coefficients between materials 

GRS to 

fdn 

piles to 

grade beam 

piles to 

fdn 

barrier to 

soil 

wall to 

soil 

geotextile 

to soil 

geotextile 

to wall 

wall toe 

to fdn 

Bonded Bonded Bonded 0.45 0.45 0.45 Tied free 
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Figure 4.4: Stress-strain relationship of bilinear kinematic-plastic material model   

in LS-DYNA 

4.2  Geometric Layout of Finite Element Models for Micropile-GRS-Slope-Barrier 

Before detailed modeling of the hybrid wall system, a preliminary finite element study of 9 basic 

truncated GRS configurations was conducted for 3 different heights and 3 different backslope 

inclinations for insights on aspects such as the deformability of truncated GRS and the failure 

stress condition of the soil with the geotextile reinforcement.   The results are shown in Fig. 4.5 to 

4.8.  From the displays, one can see that the narrower base and the backslope inclination of a 

truncated GRS geometry, without added engineering measures to strengthen it, can indeed lead to 

significant deformation and higher soil bearing pressure at the base.   From the output of the 

principal stresses in these analyses shown in Fig. 4.9, the intermediate principal stress ratio b was 

found to be generally between 0.4 and 0.6 in GRS region, with an average of around 0.5, which 

was the basis of the development of Eqn. 19 and 20 as noted earlier.   

 

 

 Figure 4.5: Finite element models for a 6m-tall GRS-MSE walls with 3 different back 

slopes  
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Figure 4.6: Resultant displacement magnitudes of a 6m-tall GRS walls 

with 3 different back slopes 

 

 

 

 

Figure 4.7: Influence of wall height on deformability of GRS walls with 3 different 

backslopes 
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Figure 4.9:  Intermediate principal stress ratio b in GRS region 

 

On the basis of the preliminary study and the expected engineering scenarios, it was decided to 

focus on a nominal 6m-tall hybrid wall configuration with a 45° backslope and discretize the GRS 

into twelve soil layers and geotextile, as indicated in Fig. 4.10.   In the development of the detailed 

finite element models with refined meshing for resolution, the backfill and slope regions were 

modeled by 8-node constant stress solid elements for their efficient performance in nonlinear 

elastoplastic analysis.  The 8-node solid element was formulated using one-point integration with 

viscous hourglass control.   The geotextile sheets were taken to be 2mm thick and discretized into 

4-node Belytschko-Tsay membrane elements. Belytschko-Tsay membrane element formulation in 

LS-DYNA was employed for geotextile, as its flexural stiffness is typically negligible (see 

http://www.dynasupport.com/tutorial/ls-dyna-users-guide/elements).   The connecting pieces (i.e., 

dowels and anchors) that are steel bars, were discretized as beam elements.  The front concrete 

Contours of intermediate principal stress ratio and overall region with b between 0.4~0.6  

in soil regions 

b=0.4 ~ 0.6 

Figure 4.8: Vertical stress distribution near GRS base under Stage II loading:  

GRS q=0.1864, foundation q=0.2143 
 

http://www.dynasupport.com/tutorial/ls-dyna-users-guide/elements
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wall panel was modeled by 4-node shell elements with a thickness of 10 cm. The cross section of 

concrete Jersey barrier was taken to be an isosceles trapezoid with an upper side of 0.4 m, a bottom 

side of 0.6 m and a height of 1 m.   Two adjacent barriers were connected by connecting steel 

dowels, with 3 cm gaps between them.  For a 30m road, ten barriers of 2.97 m in length were lined 

up and linked. 

 

 

 

(a) Nominal dimensions of GRS wall-foundation-barrier-slope domains and boundary conditions 

(geotextile thickness =2mm, wall facing thickness=20mm) 

  

(b) Single 3m-barrier segment of wall system    (c) 30m- multiple barrier segment of wall system 

Figure 4.10: Nominal configuration of truncated GRS wall with back-slope  

with or without  micropiles 

 

Because of the high number of material components and interfaces in the hybrid GRS-pile-barrier-

slope system, the effort in developing the 3D finite element model was significant, requiring 
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careful design, proportioning, substructuring as well as assembly testing.   In the case of the 

micropiles, different pile sizes were simulated using an equivalent-sectional approach for a 

common 27cm square cross-sectional geometry to bypass the laborious task of re-meshing for each 

variation of pile diameters and to ease the difficulty in performance comparison (see Fig. 4.11 for 

the correspondence between the actual concrete pile size and its equivalent pile Youngôs modulus 

used in the finite element model).  By the commonly-used material homogenization approach, the 

mesh thickness of the geotextile was also kept at 2mm and GRS soil layerôs at 0.5m to allow the 

modeling and computational time to be practical.    
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With the foregoing choices of material parameters and finite elements, different geometric and 

material configurations for the wall were developed and evaluated to establish a rational basis for 

comparison, validation and engineering insights.  Cases that were considered include truncated 

walls on slopes with and without micropiles, the modeling of the barriers and grade beams with 

dowel bar anchorage or connections.  Single span models and then multiple span models of 

micropiles-GRS-barriers were both used, the former for computational efficiency, and the latter 

for realistic impact modeling where dynamic load transfers to multiple adjacent spans can be 

expected to occur.     

 

A general layout of a hybrid A-frame Micropile-GRS-barrier-foundation finite element model 

included the following:  

1. A truncated reinforced soil region with layers of soil and geotextiles and a front concrete 

facing, 

Figure 4.11: Concrete micropile size in terms of equivalent pile modulus in model 
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2. Pairs of vertical and inclined micropiles in the form of a A-frame structure at regular 

spacing going through the GRS region to the slope, 

3. The concrete micropiles are penetrated into the foundation and backslope to a chosen depth, 

4. A concrete road barrier is anchored to a grade beam that, in turn, is connected to the pile 

caps of the micropiles, 

5. Pile cap and grade beam are placed on the pile top to connect the vertical and inclined 

micropiles and form a longitudinal framing mode along the length of highway so as to 

increase the integrality of the system. 

 

Details of the finite element modeling of some critical components of the hybrid A-frame 

micropile- reinforced soil-barrier-on slope are shown in Fig. 4.12 to 4.15. 

 

 

Figure 4.12:  A single 3m-barrier segment and 30m-barrier segment of hybrid wall system 

 

  

 

Figure 4.13: Finite element model for micropile-GRS-barrier -grade beam-anchor-

foundation slope system 
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     Figure 4.14: Impact area on finite element barrier model 

 

 

      

  

               

 

 

 

Figure 4.15: Connection details of finite element model of hybrid micropile A-frame-GRS-

grade beam-barrier on slope 
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